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Recent evidence indicates that the transcription factor NF-kB is a major effector of inducible antiapoptotic
mechanisms. For example, it was shown that NF-kB activation suppresses the activation of caspase 8, the
apical caspase in tumor necrosis factor (TNF) receptor family signaling cascades, through the transcriptional
regulation of certain TRAF and IAP proteins. However, it was unknown whether NF-kB controls other key
regulatory mechanisms in apoptosis. Here we show that NF-kB activation suppresses mitochondrial release of
cytochrome c through the activation of the Bcl-2 family member A1/Bfl-1. The restoration of Al in NF-kB null
cells diminished TNF-induced apoptosis by reducing the release of proapoptotic cytochrome ¢ from mitochon-
dria. In addition, Al potently inhibited etoposide-induced apoptosis by inhibiting the release of cytochrome ¢
and by blocking caspase 3 activation. Our findings demonstrate that Al is an important antiapoptotic gene
controlled by NF-kB and establish that the prosurvival function of NF-kB can be manifested at multiple levels.

Programmed cell death (or apoptosis), which is character-
ized by condensation of the nucleus, specific protein degrada-
tion, and DNA fragmentation, is a fundamentally important
biological process that is required to maintain the integrity and
homeostasis of multicellular organisms (reviewed in references
1, 2, 10, 44, and 53). Cysteine proteases (renamed caspases)
related to the Caenorhabditis elegans protein Ced-3 and the
mammalian homolog interleukin-13-converting enzyme have
been identified as critical components of several apoptotic
pathways (reviewed in references 41, 48, and 54). Studies of
knockout mice demonstrated that caspase 8 is required for
tumor necrosis factor (TNF)- and Fas-mediated apoptosis but
that caspase 8 knockout cells remained sensitive to DNA dam-
age inducers such as UV irradiation and etoposide (56). In
contrast, caspase 9 —/— mouse fibroblasts were resistant to
stress-induced apoptosis (26, 32). Therefore, it is likely that
there are at least two primary pathways to induce apoptosis,
with the stress induction pathway being caspase 8 independent.

One apoptosis pathway is controlled through “death recep-
tors” such as TNF receptor 1 (TNFR1) which transduce death
signal by recruiting death domain-containing proteins which
activate initiating caspases by ligand-induced oligomerization.
Thus, TNF engagement of TNFR1 leads to the recruitment of
TRADD (TNFRI1-associated death domain protein) and RIP
(receptor-interacting protein) to the receptor complex (re-
viewed in references 2 and 4). TRADD interacts with FADD
(Fas-associated death domain protein) to initiate the death
pathway and recruits several proteins such as TRAF1, TRAF2,
and RIP to transduce TNF signaling pathways such as activa-
tion of NF-«kB (38). FADD recruits and activates caspase 8 at
the death-inducing signaling complex. The active caspase 8 is
released from the complex to activate the downstream effector
caspases directly or indirectly (2, 4). Recently, several groups
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have demonstrated that caspase 8 cleaves Bid, a Bcl-2 family
member, and that the cleaved Bid translocates to mitochondria
to induce the release of cytochrome c to initiate apoptosis (24,
33, 39). The second pathway involved in initiating apoptosis is
activated by stress inducers such as the chemotherapeutic drug
etoposide or ionizing radiation. These inducers damage mito-
chondria by an unknown mechanism to lead to the release of
cytochrome ¢ from mitochondria into the cytosol (14, 23, 34,
52, 63, 64). Cytochrome ¢ along with ATP and Apaf-1, a mam-
malian homolog of Ced-4, recruits and processes procaspase 9
(34). The active caspase 9 activates the effector caspases such
as caspase 3 to induce apoptosis (34, 36, 67).

Extensive studies have demonstrated that Bcl-2 family pro-
teins can positively and negatively regulate apoptosis (reviewed
in references 1, 10, 44, 45, and 53). Intriguingly, the Bcl-2
family possesses antiapoptotic (Bcl-2, Bcl-x;, Bcl-W, Bag-1,
Mcl-1, and A1/Bfl-1) as well as proapoptotic (Bad, Bax, Bak,
Bcl-x,, Bid, Bik, and Hrk) molecules (10, 44). Both the balance
and interaction between Bcl-2 gene family and posttransla-
tional modifications of Bcl-2-related proteins have been dem-
onstrated to play an important role in regulating cell survival
and death (10, 44). The ratio of anti- and proapoptotic mole-
cules such as Bcl-2 and Bax determines the response to a death
signal. Bcl-2 and Bcl-x; have been shown to form membrane
pores involved in the homeostasis of cell organelles, inhibiting
the mitochondrial permeability transition and cytochrome ¢
release, functioning to block apoptosis (reviewed in references
1, 10, 44, 45, and 53). However, precluding cytochrome c re-
lease is unlikely to be the sole function of Bcl-2 and Bcl-x;
since Bcl-2 and Bcl-x; have been found to block apoptotic
mechanisms downstream of cytochrome ¢ release (7, 27, 43,
46).

NF-kB, originally identified and named for its role in the
regulation of immunoglobulin kappa-chain gene expression in
B cells, is a dimer composed of p5S0 (NF-«kB1), p52 (NF-kB2),
c-Rel, RelB, or p65/RelA subunits. Classic NF-«B is described
as the p50-p65 heterodimer which is typically found seques-
tered in the cytoplasm by the IkB group of inhibitory proteins.
The nuclear translocation of NF-kB occurs rapidly following
the induced phosphorylation and degradation of IkB (reviewed
in references 3, 5, and 22). Interestingly, we and others have
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identified the inducible transcription factor NF-kB as playing
an important role in inhibiting TNF- or chemotherapy-induced
apoptosis (6, 38, 55, 57, 61). Recently, we demonstrated that
activation of NF-kB by TNF blocks the induction of the
caspase cascade through the positive regulation of genes en-
coding several inhibitors of the apoptotic pathway (58). NF-«kB
activation blocked caspase 8 cleavage and cytochrome ¢ re-
lease, indicating that NF-kB suppresses the earliest signaling
components of the caspase cascade. We and others found that
IAP family genes c-IAP1 and c-IAP2 and TRAF family genes
TRAF1 and TRAF2 are positively regulated by NF-kB with
rapid kinetics following TNF addition (11, 58). Coexpression
of TRAF-1, TRAF2, c-IAP1, and c-IAP2 potently blocked
caspase 8 activation and TNF-mediated apoptosis (58). An-
other member of the IAP family, XIAP, has been shown to be
activated by NF-kB in endothelial cells (16, 50). Recently, Wu
et al. also identified a protein, IEX-1L, which is encoded by a
gene that is transcriptionally regulated by NF-kB and which
can inhibit both TNF- and Fas-induced apoptosis by an un-
known mechanism (62). In this report, we show that the gene
encoding A1/Bfl-1, a homologue of Bcl-2 (12, 18, 19, 28, 29,
35), is activated in response to NF-«B induction. Al is a 175-
amino-acid protein which can suppress apoptosis and which is
overexpressed in certain epithelial and hematopoietic malig-
nancies. Al was previously shown to be activated in response
to inflammatory cytokine-induced signals (29, 35). In our stud-
ies we find that Al reduced the rate of TNF-mediated apopto-
sis by inhibiting the release of cytochrome c. In addition, Al
potently inhibited etoposide-induced apoptosis by strongly in-
hibiting the release of cytochrome ¢ and by blocking caspase 3
activation. These studies show that NF-kB activation leads to
specific gene expression which suppresses mitochondrial mech-
anisms associated with apoptosis through a process separate
from the ability to block the activation of caspase 8. Further-
more, the data suggest that the induction of Al by NF-kB may
be important in controlling resistance to chemotherapeutic
responses in tumor cells.

MATERIALS AND METHODS

Cell culture and stable transfection. HT1080I and a control cell line
(HT1080V) were cultured in Eagle minimal essential medium supplemented
with 10% fetal calf serum, penicillin (100 wg/ml), streptomycin (100 pg/ml), and
hygromycin (200 wg/ml) (57). For stable transfection, Flag-tagged full-length A1l
(the A1l cDNA was the generous gift of A. Karsan) was subcloned into the
pcDNA3 vector containing a neomycin resistance gene. HT1080I cells were
transfected with pcDNA3-Flag-A1 expression plasmid or empty control vector by
using Lipofectamine according to the manufacturer’s instructions. Two days after
transfection, cells were selected for resistance to 600 g of G418 (Gibco-BRL)
per ml. The individual clones expressing Al were screened after 2 weeks of
selection with a monoclonal antibody against the Flag epitope.

Northern blot analysis. Total RNA was isolated with Trizol reagent as in-
structed by the manufacturer (Life Technologies). Ten-microgram aliquots of
RNA were fractionated on a 1.4% agarose-formaldehyde gel, transferred onto a
nylon filter, and cross-linked with a UV cross-linker. Blots were hybridized
overnight with random-primed 3?P-labeled probe at 42°C in a mixture containing
50% formamide, 5X SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate),
1X PE (50 mM Tris-HCI [pH 7.5], 0.1% sodium pyrophosphate, 1% sodium
dodecyl sulfate [SDS], 0.25% polyvinylpyrrolidone, 0.25% Ficoll, 5 mM EDTA),
and 150 pg of salmon sperm DNA. The probes were generated with a random-
primed labeling kit (Life Technologies) in the presence of [a-*?P]dCTP (NEN-
Dupont). Probes were purified with a micro G-50 Sephadex column (Life Tech-
nologies). After hybridization, the blots were washed twice in 2X SSC-0.1% SDS
for 10 min at room temperature and twice in 0.1X SSC-0.1% SDS for 20 min at
42°C.

Electrophoretic mobility shift assays (EMSAs). Cells were treated with eto-
poside (50 wM; Sigma) for the indicated time periods, and nuclear extracts were
prepared as described previously (57). Five-microgram aliquots nuclear extracts
of cells were preincubated with 1 g of poly(dI-dc) in binding buffer (10 mM Tris
[pH 7.7], 50 mM NaCl, 20% glycerol, 1 mM dithiothreitol [DTT], 0.5 mM
EDTA) for 10 min at room temperature. Approximately 20,000 cpm of 3?P-
labeled DNA probe containing the class I major histocompatibility complex
NF-«B site (5'-CAGGGCTGGGGATTCCCCATCTCCACAGTTTCACTTC-
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3’) was then added, and binding proceeded for 15 min. The complexes were
separated on a 5% polyacrylamide gel and exposed for autoradiography.

Western blot analysis. Whole-cell extracts were prepared as described previ-
ously (57). Cytosolic extracts were prepared by the method of Yang et al. (63).
Briefly, HT1080V and HT1080I cells were treated with TNF-a (20 ng/ml) or
etoposide (50 uM). The detached and attached cells were collected, and cell
pellets were washed twice with ice-cold phosphate-buffered saline and resus-
pended with 5 volumes of buffer containing 20 mM HEPES, pH 7.5, 10 mM KCl,
1.5 mM MgCl,, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.1 mM phenylmeth-
ylsulfonyl fluoride, 2 pg each of aprotinin, leupeptin, and pepstatin per ml, and
250 mM sucrose. The cells were homogenized with 10 strokes of a Dounce
homogenizer, and the homogenates were centrifuged twice at 14,000 rpm for 15
min at 4°C. The resulting cytosol was collected for Western blotting. The extracts
were subjected to SDS-10% or 15% polyacrylamide gel electrophoresis and
transferred to nitrocellulose by electroblotting. Proteins were probed with pri-
mary antibody and visualized by using an ECL kit (Amersham) according to the
manufacturer’s instructions. For internal control, the blots were stripped with
62.5 mM Tris buffer (pH 8) containing 100 mM 2-mercaptoethanol and 2% SDS
at 60°C for 1 h and reprobed with a-tubulin. Primary antibodies were from the
following sources: monoclonal antibodies against human caspase 8 (1:1,000) and
cytochrome ¢ (1:1,000) from Pharmingen; anti-DFF45 polyclonal antibody (1:
7,500) from X. Wang; monoclonal antibody against caspase 3 (1:500) from
Transduction Laboratories; and monoclonal antibody against a-tubulin (1:2,000)
from Sigma.

Cell death ELISA. For cell death enzyme-linked immunosorbent assay
(ELISA), 10° cells were plated onto 24-well plates the day before stimulation.
Cells were treated with TNF (20 ng/ml) or etoposide (50 uM) for different times;
20 pl of supernatant was used to measure DNA fragmentation and histone
release from the nucleus. The measurement was performed as specified by the
manufacturer (Boehringer Mannheim).

In vitro caspase 3 and caspase 8 activity assay. After treatment of 2 X 10° cells
with TNF-a (20 ng/ml) or etoposide (50 pM) for different times, the detached
and attached cells were harvested, washed with phosphate-buffered saline and
lysed in 200 wl of ice-cold hypotonic buffer (20 mM Tris-HCI [pH 7.5], 1 mM
EDTA, 100 uM phenylmethylsulfonyl fluoride, 2 pg each of aprotonin, pepsta-
tin, and leupeptin per ml). The cell lysate was frozen at —80°C and was thawed
quickly at 4°C. The homogenates were centrifuged, and supernatants were col-
lected. Then 300-pg aliquots of protein extracts were incubated with DEVD-
PpNA (200 wM) or IETD-pNA (200 pM) substrate (Chemicon International) in
reaction buffer containing 10 mM DTT for 2 to 3 h at 37°C. The samples were
analyzed with a plate reader by measuring the optical density at a wavelength of
405 nm (ODygs).

RESULTS

Al1/Bfi-1, a Bcl-2 homologue, is induced in response to
NF-kB activation. To explore the molecular mechanisms by
which NF-kB controls resistance to TNF Kkilling, we used an
HT1080 fibrosarcoma cell line (HT1080I) (57) that expresses a
modified form of the NF-«B inhibitor IkBa (8). This cell line,
but not a control cell line (HT1080V), strongly inhibits NF-«xB
nuclear function (57). Previously, we showed that inhibition of
NF-kB activation rendered the HT1080I cells sensitive to
TNF- and cancer therapy-induced apoptosis and that the acti-
vation of NF-kB directly or indirectly blocked the release of
cytochrome ¢ from mitochondria (57, 58). One mechanism to
explain this observation was that NF-kB suppressed the acti-
vation of caspase 8 (58), which would inhibit the ability of this
caspase to activate Bid which induces mitochondrial perme-
ability transition (24, 33, 39). Additionally, we showed that
Bcl-2 and Bcl-x;_ levels are not controlled by NF-«B in these
cells (58). Thus, it was unclear whether NF-«B activation leads
to a direct mechanism to suppress mitochondrial proapoptotic
mechanisms.

To determine if other Bcl-2 family members may be regu-
lated by NF-«kB, we analyzed whether A1/Bfl-1, a Bcl-2 homo-
logue which is known to be induced by inflammatory cytokines,
could be regulated by NF-kB. As shown in Fig. 1, A1/Bfl-1
mRNA was rapidly induced after TNF-a stimulation in
HT1080V cells but not in HT1080I cells, which indicated that
activation of NF-kB is required for the expression of the Al
gene. Control blotting with glyceraldehyde-3-phosphate dehy-
drogenase indicated equivalent loading for the different exper-
imental conditions.
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FIG. 1. A1/Bfl-1 expression is induced by TNF through the activation of
NF-«B. HT1080V and HT10801 cells were treated with TNF-a (20 ng/ml) for the
indicated time. Total RNA was extracted with Trizol reagent. Northern blots
were performed as described in Materials and Methods. The filter was probed
with 3?P-labeled human A1 cDNA probe. For the internal control, the blot was
stripped and reprobed with 32P-labeled GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) cDNA probe.

A1/Bfl-1 partially inhibits TNF-induced apoptosis. Despite
the wide-ranging ability of Bcl-2 to promote cell survival, it is
clear that a number of stimuli initiate an apoptotic response
that is not susceptible to Bcl-2 protection. For example, studies
demonstrated that TNF and Fas could bypass the Bcl-2 check-
point to induce apoptosis in several cell types (1, 7, 24, 49, 52).
In contrast to most other members of the Bcl-2 family, Al
contains only BH1 and BH2 domains and lacks the conserved
hydrophobic C terminus which is required for anchoring Bcl-2
to membranes (1). Therefore, it is possible that other members
of the Bcl-2 family provide protective effects in circumstances
in which Bcl-2 is ineffective. To determine whether the Al
protein could protect against TNF-a-induced killing in
HT1080I cells, we established Al-expressing HT1080I
(HT10801A1) cell clones (Fig. 2A). As shown in Fig. 2B, Al
partially inhibited cell death induced in HT1080I cells, with
approximately 50% suppression at the 7-h time point. How-
ever, at the 14-h time point, Al-expressing cells were only
weakly inhibited in the cell death response. These results were
confirmed by using the cell death ELISA, which measures
fragmented DNA associated with histones (Fig. 2C). As shown
in Fig. 2D, Al also partially inhibited TNF-induced DEVDase
activity (a measure of caspase 3-like activity) in HT1080I cells.
These data indicate that Al expression can partially inhibit
apoptosis induced by TNF when NF-kB is functionally
blocked.

Al expression reduces TNF-a-induced cytochrome c release
from mitochondria and reduces caspase 3 activation. Bio-
chemical and molecular studies have demonstrated that
caspase 8 is at the apex of the caspase pathway (at least in-
volving death receptor signaling) and links death domain pro-
tein signaling and caspase activation in TNF-induced apoptosis
(2, 4, 48, 56). Our previous study had identified that NF-«B-
regulated TRAF1 and -2 and c-IAP1 and -2 expression to
cooperatively suppress caspase 8 activation (58). Therefore, we
were interested in whether Al could inhibit the processing of
caspase 8 induced by TNF. As shown in Fig. 3, procaspase 8
was processed with similar kinetics after TNF treatment in
both HT1080I and HT1080IA1 cells. This result indicated that
Al expression does not block processing of procaspase 8, con-
sistent with a more downstream effect of Al in suppressing
apoptosis.

Since Bcl-2 has been found to block the mitochondrial re-
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FIG. 2. Al expression in HT1080I cells partially inhibits TNF-induced apo-
ptosis. (A) Detection of stable HT1080I transfectants expressing A1/Bfl-1.
HT10801I cells were transfected with pcDNA3-Flag-A1 vector or control empty
vector and selected with G418 (600 wg/ml) for 2 weeks. The clones were analyzed
by monoclonal antibody against Flag epitope. The five stable clones which ex-
pressed similar levels of Al protein were pooled (HT1080IA1). Lane 1 and 2
represent the stable HT1080I cells expressing Al; lane 3 represents the stable
control clones expressing G418-resistant marker (HT1080I). (B and C) Al par-
tially inhibits TNF-induced apoptosis. The stable cell clones used for panel A
were treated with TNF (20 ng/ml) for the indicated times. Cell viability was
determined by trypan blue exclusion. The supernatants from the 14-h time point
of TNF treatment were collected and measured by cell death ELISA. The results
represent the mean values from three independent experiments. (D) Al inhibits
TNF-induced DEVDase activity. The stable cell clones used for panel A were
treated with TNF (20 ng/ml) for 6 h. Cells were lysed in hypotonic buffer (see
Materials and Methods), and 300-pg aliquots of extracts were incubated with
DEVD-pNA (100 pM) substrate for 2 h at 37°C. The reaction was measured with
a plate reader by determining the OD,s. The results represent the mean values
from three independent experiments.

lease of cytochrome ¢ induced by multiple death stimuli (31,
63), we were interested to determine whether Al would also
block the release of cytochrome c¢. HT1080I and HT1080IA1
cells were treated with TNF for different times, and cytosolic
extracts were prepared as described before. As shown in Fig. 3,
the release of cytocrome ¢ from mitochondria was partially
suppressed in the Al-expressing cells but not in the control
HT1080I cells. There was near-complete suppression of cyto-
chrome c release at the 4-h time point in Al-expressing cells,
but cytochrome ¢ release did occur at the 6- and 8-h time
points. Cytochrome ¢ has been shown to function as a coacti-
vator of caspase 9 which leads to activation of downstream
caspases such as caspase 3 (34, 36, 67). Consistent with this,
caspase 3 activation was processed more slowly in the
HT1080IA1 cells than in the control HT1080I cells following
TNF-a treatment (Fig. 3). These data indicate that Al expres-
sion suppresses the release of cytochrome ¢ from mitochondria
following TNF-a treatment, which leads to a reduction of the
apoptotic response.

Al is induced by etoposide and strongly suppresses etopo-
side-induced cell death. A variety of studies have indicated that
NF-«B is antiapoptotic relative to different stimuli. For exam-
ple, NF-kB activation can suppress cell death induced both by
TNF-a and by chemotherapy (57). Importantly, it is known
that chemotherapy induces the activation of NF-kB and that
this suppresses the apoptotic potential of the chemotherapy
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FIG. 3. Al partially inhibits TNF-induced cytochrome c release from mito-
chondria and inhibits caspase 3 processing. HT1080IA1 and HT1080I cells were
treated with TNF (20 ng/ml) for the indicated times. To detect the release of
cytochrome ¢, cytosolic proteins were extracted and separated by SDS-15%
polyacrylamide gel electrophoresis. The blot was probed with monoclonal anti-
body to cytochrome ¢ (1:1,000). For detecting caspase 8 and caspase 3 process-
ing, whole-cell extracts were prepared and immunoblotted with monoclonal
antibodies to caspase 8 (1:1,000) and caspase 3 (1:500). For the internal control,
the blots were stripped and reprobed with antibody to a-tubulin (1:2,000).

(58). As shown in Fig. 4A, a common chemotherapeutic agent
etoposide potently induced the nuclear translocation of NF-«kB
in HT1080V cells but not in HT1080I cells. Similar to TNF-c,
etoposide strongly induced A1 mRNA expression in HT1080V
cells but only weakly induced A1 mRNA in HT1080I cells as
detected by Northern blotting (Fig. 4B). This experiment dem-
onstrated that NF-«kB is required for basal and elevated ex-
pression of A1 mRNA, but that NF-kB is not the only tran-
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FIG. 4. A1/Bfl-1 expression is induced by etoposide through the activation of
NF-«B. (A) Etoposide induces the nuclear translocation of NF-kB in HT1080V
cells but not HT1080I cells. Cells were treated with etoposide (50 pM) for the
indicated time. EMSAs were performed as described in Materials and Methods.
(B) Al gene expression is induced by etoposide. Cells were treated with etopo-
side (50 wM) for the indicated time. Northern blot analyses were performed as
described for Fig. 1.
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FIG. 5. Al inhibits etoposide-induced apoptosis. (A and B) HT1080IA1 and
HT1080I cells were treated with etoposide (E; 50 wM) for 24 h. The cell viability
and cell death ELISAs were performed as described for Fig. 2B and C, respec-
tively. (C) A1l inhibits etoposide-induced DEVDase activity. Cells were treated
with etoposide (50 pM) for 16 h, and DEVDase assays were performed as
described for Fig. 2D. The results represent the average values from three
independent experiments.

scription factor which contributes to inducible Al gene
expression. Since Al mRNA was induced by etoposide and
since etoposide has been widely used as an inducer to stimulate
the release of cytochrome ¢ and to induce apoptosis (14, 30, 34,
47, 63), we determined whether Al could block etoposide-
induced apoptosis. As shown in Fig. 5A, A1 expression strongly
inhibited etoposide-induced cell death as measured by trypan
blue exclusion and inhibited apoptosis as measured by the cell
death ELISA (Fig. 5B). Al also potently inhibited DEVDase
activity in HT1080I cells induced by etoposide (Fig. 5C). These
data indicate that Al strongly suppresses apoptosis induced by
the chemotherapeutic compound etoposide.

Al effectively blocks cytochrome ¢ release induced by etopo-
side. To determine at which point Al inhibited the apoptotic
response in response to etoposide, we first analyzed processing
of caspase 8. Interestingly and different from TNF-a, etoposide
did not activate caspase 8 either in the control HT1080I cells or
in the HT1080IA1 cells, at least up to 24 h (Fig. 6). This result
indicates that etoposide does not utilize caspase 8§ to initiate
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FIG. 6. Caspase 8 activity is not induced by etoposide. HT1080IA1 and
HT1080I cells were treated with etoposide (50 wM) for 24 h. The whole-cell
extracts were probed with a monoclonal antibody against caspase 8 as described
for Fig. 3. The lanes are as shown in Fig. 7. For detecting caspase 8 activity, cells
were treated with etoposide (50 wm) for 24 h and then lysed in hypotonic buffer
as described for Fig. 2, and 300-p.g aliquots of protein extracts were incubated
with IETD-pNA substrate (100 pM) for 2 h at 37°C. The reaction was measured
with a plate reader by determining the OD 5. The results represent the average
values from three independent experiments.

the caspase cascade. Since cytochrome ¢ has been identified as
a coactivator with Apaf-1 to activate caspase 9 and subse-
quently to activate caspase 3, we are interested in whether Al
blocks etoposide-induced release of cytochrome c. As shown in

HT1080IA1 HT1080I
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FIG. 7. A1 potently inhibits etoposide-induced cytochrome c¢ release.
HT1080IA1 and HT1080I cells were treated with etoposide (50 wM) for the
indicated times. Cytosolic proteins were extracted and probed with a monoclonal
antibody against cytochrome c¢. For detecting caspase 3 and DFF45 processing,
the whole-cell extracts were prepared as described for Fig. 3. For internal con-
trol, the blots were stripped and reprobed with monoclonal antibody to a-tubu-
lin.
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Fig. 7, the release of cytochrome ¢ was almost completely
inhibited in HT1080IA1 cells but not in HT1080I cells in re-
sponse to etoposide treatment. Consistent with this, the pro-
cessing of caspase 3 was inhibited in HT1080IA1 but not in
HT1080I cells (Fig. 7). It has been shown that ICAD/DFF45 is
cleaved by caspase 3 and is the principal regulator of DNA
fragmentation during apoptosis (37). As shown in Fig. 7, the
cleavage of ICAD/DFF45 was inhibited in HT1080IA1 cells
but not in HT1080I cells. This result is consistent with the
inactivation of caspase 3 in the Al-expressing cells. Overall,
these results suggest that cytochrome c is a primary initiator in
etoposide-initiated apoptosis and that one mechanism whereby
NF-«kB inhibits chemotherapy-induced cell death is through
the induction of Al, which suppresses cytochrome c release
from mitochondria. The data also demonstrate that Al is a
more effective inhibitor of cytochrome ¢ release in etoposide-
treated cells than in TNF-a-treated cells.

DISCUSSION

The transcription factor NF-kB serves as a principal medi-
ator of resistance to a variety of apoptotic stimuli. The activa-
tion of NF-«kB in response to TNF-a, ionizing radiation, onco-
genic Ras expression, and chemotherapy provides a cell
survival function in the face of these potential apoptotic stimuli
(6, 38, 40, 55, 57, 58, 61). The multiplicity of mechanisms
whereby NF-kB serves the antiapoptotic function is becoming
increasingly complex. It has been shown that the activation of
genes encoding TRAF and IAP proteins, IEX-1, and XIAP by
NF-kB serves to block apoptosis in different cell types (11, 50,
58, 62). The mechanism of action of TRAF1 and -2 and c-IAP
1 and -2 is to block the activation of caspase 8 in response to
TNF-a challenge of NF-«kB null cells (58). The induction of
c-IAP1 and -2 by NF-«B blocks etoposide-induced cell death at
the level of caspase 3 (58), which is consistent with experiments
that indicate that IAP proteins can inhibit apoptosis down-
stream of cytochrome ¢ release (13, 15, 16, 20, 21, 47). It should
also be noted that under some conditions NF-kB may function
in a proapoptotic role (30).

Our work and that of Bradham et al. have indicated that
NF-kB activation can suppress the mitochondrial permeability
transition (9, 58). We had originally observed that neither
Bcl-2 or Bel-x, was activated by NF-«kB (58), suggesting that
the primary mechanism whereby NF-«kB activation would sup-
press cytochrome ¢ release associated with mitochondrial dam-
age was through the inhibition of caspase 8 activation, which
would block Bid activation (33, 39). However, in this report we
report that NF-«kB activation activates A1/Bfl-1, a member of
the Bcl-2 family, to suppress cytochrome ¢ release from mito-
chondria. Thus, NF-kB activation functions to suppress apo-
ptosis at multiple levels (also see below).

The growing Bcl-2 family proteins include at least 15 mem-
bers, which provide both positive or negative regulation of
apoptosis. These family members have been indicated to play
an essential role for maintenance of major organ systems, and
mutation or disturbance of their expression is likely to contrib-
ute to cancer or resistance to cancer therapy (1, 10, 44, 45).
The previous studies have mainly focused on the posttransla-
tional regulation of these proteins. For example, Bcl-2 has
been shown to be activated by Ser70 phosphorylation but in-
activated by phosphorylation of several loop sites, perhaps by
c-Jun N-terminal kinase (1). The proapoptotic protein Bad is
phosphorylated by the Akt kinase, leading to sequestration by
14-3-3 proteins, precluding its inhibition of Bcl-x; (1, 59, 65).
In the present study, we identified a Bcl-2 family member, Al,
as a potential transcription target for the antiapoptotic action
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of NF-kB. Consistent with our findings, two reports published
since the submission of ours demonstrated that the Al gene is
induced by NF-kB (25, 66). Both reports indicate the existence
of functional NF-kB/Rel binding sites in the promoter of the
Al gene. Additionally, it was shown that Al expression pro-
tected against TNF-a-induced cell death in IkB-expressing
cells (66) and against anti-immunoglobulin M-induced cell
death in c-Rel™~ B cells (25). The coexpression of Al and
c-Rel in germinal centers, in the spleen, and in inflammatory
cells strongly suggests a role for NF-kB factors in protecting
against apoptosis during immune and inflammatory responses
(25, 66). These reports did not demonstrate how Al functions
to suppress apoptosis and did not examine the involvement of
Al expression in responses to chemotherapy.

Our study indicates that Al functions primarily to suppress
etoposide-induced cell death and can only weakly suppress
TNF-a-induced cell death. This may be explained by several
observations. Since caspase 8 can directly activate caspase 3
and since caspase 8 activation is required for TNF-a-induced
cell death, the release of cytochrome c in response to TNF-a
activation is not required for induction of cell death (51, 56).
Thus, the ability of Al to delay cytochrome ¢ release and the
subsequent caspase 3 activation likely explains the reduction of
cell death induced by TNF-« at the early time. It also indicates
that caspase 8 may utilize cytochrome ¢ to amplify the caspase
cascade. Furthermore, Al is unable to block cytochrome ¢
release at later time points, allowing full caspase 3 activation.
Etoposide-induced cytochrome c release is strongly blocked by
Al expression. This may be explained by the observation that
cytochrome c¢ release occurs more slowly in response to eto-
poside treatment compared to TNF-a stimulation. Thus, one
mechanism to explain the difference in the ability of Al to
preferentially suppress etoposide-induced cell death is that
etoposide is a weaker stimulator of cytochrome c release than
TNF-« and that the level of Al expression is sufficient to block
this response. We also note that Al partially suppressed TNF-
a-induced cell death even at time points where cytochrome c is
fully released. Thus, we cannot rule out the possibility that Al
can function downstream of cytochrome ¢ to block apoptosis.
This would be consistent with observations that Bcl-2 and
Bel-x; can function downstream of mitochondria to suppress
cell death pathways (7, 27, 43, 46). As expected, our data
confirm that Al does not block the activation of caspase 8.
Although Al does not share the conserved C-terminal trans-
membrane domain with other Bcl-2 family proteins, this region
is still required for Al antiapoptotic functions (1). Thus, Al
may still interact with mitochondrial membranes to suppress
cytochrome c, similar to Bcl-2 and Bel-x; .

There are a number of genes, including those encoding A20
and manganese superoxide dismutase, that have been reported
to block TNF-induced apoptosis (42, 58, 62). Interestingly,
these genes contain NF-kB consensus sites in their promoters
and are regulated by NF-kB. However, the stable overexpres-
sion of these genes separately in vivo can only partially protect
cells from TNF-induced killing (42). Our recent work identi-
fied TRAF-1, TRAF-2, c-IAP1, and c-IAP2 as TNF-induced
genes that are regulated by NF-«kB to control caspase 8 acti-
vation (58). This would be a primary mechanism of NF-kB
inhibit apoptosis induced by TNF-a since caspase 8 serves as
the apical caspase for this pathway. Here, we report that
NF-«B controls the expression of a gene encoding Al, a mem-
ber of the Bcl-2 family of proteins. Our evidence indicates that
Al functions downstream of caspase 8 in the apoptotic path-
way and serves as an inducible factor to prevent or reduce
cytochrome c release from mitochondria. Consistent with this
downstream role, Al expression was unable to strongly block
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TNF-a-induced cell death. Since NF-«B also plays a negative
role in chemotherapy and irradiation-mediated apoptosis, the
induction of Al is likely to play a significant role in blocking
cell death induced by these cancer therapies. These results and
that of others indicate that complete suppression of apoptosis
induced by NF-«B involves multiple functions, including inhibi-
tion of caspase 8 and of cytochrome c release from mitochondria.
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